The ocean history of reactive phosphorus (P) (i.e., dissolved P available to fuel oceanic primary productivity) is of interest because of the role of P as a biolimiting nutrient, and knowledge of P burial in marine sediments is key to testing hypotheses about temporal changes in P input or output fluxes. Our understanding of the history of the P cycle over the Cenozoic has increased substantially with temporal records of reactive P mass accumulation rates from open-ocean Pacific and Atlantic equatorial sites. However, questions about the relative importance of nutrient burial in ocean-margin sediments relative to burial in open-ocean sediments and about the extent of P remobilization in organic-rich, reducing environments characteristic of margin sediments remain unresolved.
INTRODUCTION
The ocean history of reactive phosphorus (P) (i.e., dissolved P available to fuel oceanic primary productivity) is of interest because of the role of P as a biolimiting nutrient, and knowledge of P burial in marine sediments is key to testing hypotheses about temporal changes in P input or output fluxes. Our understanding of the history of the P cycle over the Cenozoic has increased substantially with temporal records of reactive P mass accumulation rates from open-ocean Pacific and Atlantic equatorial sites. However, questions about the relative importance of nutrient burial in ocean-margin sediments relative to burial in open-ocean sediments and about the extent of P remobilization in organic-rich, reducing environments characteristic of margin sediments remain unresolved.
Nutrient burial in oceanic boundary current systems has been suggested to have a controlling role in oceanic nutrient budgets in certain time intervals (Vincent and Berger, 1985) , with higher sediment accumulation rates balancing the limited spatial extent of these sediments. Some investigators suggest that remobilization of P from reducing sediments in margin settings is a significant positive feedback to primary productivity (e.g., Van Cappellan and Ingall, 1994) , whereas other results indicate that both P uptake and P release may occur in these settings depending on the balance of organic carbon and iron supply to the sediments and on the oxygenation of bottom waters (McManus et al., 1997) . It is important to quantitatively understand the geochemistry of reactive P in margin sediments, where productivity and delivery of organic-rich material to the sediments in relatively shallow-water settings is often sufficient to promote anoxia in interstitial waters.
To address these questions, we determined the P concentrations and geochemistry in sediment samples from eight sites drilled during Ocean Drilling Program (ODP) Leg 167, California margin (Sites 1010 (Sites -1012 (Sites , 1014 (Sites , 1016 (Sites -1017 (Sites , and 1021 (Sites -1022 . These results are the first records of reactive P concentrations on long time scalesrequired for the calculation of P accumulation rates-for sediments from a highly productive eastern boundary current setting. In addition, we determined calcium carbonate contents and biogenic silica concentrations to define the environments of sedimentary production, burial, and diagenesis.
METHODS
We measured P concentrations in sediment samples using a sequential extraction technique as modified from Ruttenberg (1992) and as described in Delaney and Anderson (1997) . The original sequential extraction technique isolates five sedimentary P components: adsorbed, oxide associated (sorbed to oxides or oxide coatings), authigenic (carbonate-fluorapatite), detrital (terrestrial silicates and apatite), and organic P. We applied this method to some of the samples, with results listed for all five fractions. For most of the samples reported, we modified this to a four-step procedure by eliminating an initial exchange step and instead beginning with a reduction step, assuming that most of the adsorbed fraction is associated with oxides. This has the effect of combining the adsorbed and oxideassociated fractions of the five-step procedure into a single fraction, with results listed as the oxide-associated component.
Splits of 10-cm 3 samples were freeze dried and lightly ground. Weighed samples (typically 0.1 g each) were processed in replicate through the P sequential extraction procedure. P concentrations in known volumes of extractants (and thus in the solid samples) were determined using an automated spectrophotometric flow injection analysis system (Lachat QuickChem 8000). Results are reported as the means ± 1s (sample standard deviation) for each component. Total reactive P and total P are calculated as the sums of the relevant components, with the errors calculated from the propagation of absolute errors of the individual components. Analytical detection limits in typical size samples, assessed as three times the standard deviation of replicate measures of a low concentration solution standard, were typically 0.06 µmol P/g sediment for adsorbed P, 0.3 µmol/g for oxide-associated P, 0.1 µmol/g for detrital P, and 0.1 µmol/g for organic P. With the exception of oxide-associated P concentrations in some samples, P concentrations were generally well above these detection limits. We assessed long-term analytical variability by analyzing three composite samples here termed "consistency standards" (the first, a high calcium carbonate, low detrital P, and low organic carbon composite; the other two, homogenized from splits from a number of Leg 167 samples, with one composite higher in detrital P). The relative errors (1s) on the long-term means of these consistency standards from the four-step procedure were relatively high for the components that constitute small fractions of total P, ranging from 20% to 80% for oxide associated, 2% to 10% for higher detrital P consistency standards to as high as 74% for the low detrital P standard, and from 20% to 44% for organic P. The relative errors on the long-term means for authigenic P (the dominant sedimentary component) were 8%-17%, and for total P the errors were 6%-10%.
Using subsamples of the freeze-dried splits, we measured the weight percent calcium carbonate using a UIC, Inc., Coulometrics Model 5012 CO 2 coulometer and the weight percent biogenic opal using the technique of Mortlock and Froelich (1989) . Relative standard deviations on the means for (1) multiple determinations of a pure calcium carbonate standard, (2) samples run in duplicate within a given analytical run, and (3) replicate analyses of the consistency standards were always <1%. The effective detection limit for weight percent CaCO 3 depended on the sample size; for typical sample sizes of 5-10 mg, the detection limit is 0.5-1.0 wt%. We adjusted sample sizes as needed to increase the detection limit, which decreases proportionally to the increase in sample size. The detection limit for biogenic opal, defined from three times the standard deviation of replicate measurements of a blank, was equivalent to 0.9 wt% in a typical size sample. The relative errors on long-term means of the two Leg 167 consistency standards were 6%-10%, with higher relative errors for the consistency standard with lower biogenic opal content. Analytical reproducibility for replicate samples had relative errors typically <5%, and up to 10% or greater for samples with low biogenic opal contents.
RESULTS
The P concentrations in each geochemical component, the total reactive P concentration, and the total P concentration for each sediment sample, along with the calcium carbonate and biogenic silica concentrations when determined, are listed in Tables 1-8 for the samples from the respective sites. Total reactive P dominates the sedimentary budget of P at all sites, representing an average of 46% of total P at Site 1022 to as much as 98% of total P at Site 1017.
The more labile forms of reactive P generally constitute a minor portion of total reactive P with increasing sediment depth. Oxideassociated P represents on average no more than 15% of total reactive P, and organic P is on average no more than 16% of total reactive P. Authigenic P constitutes the majority of total reactive P at all sites on average (70%-87% of total reactive P). These site averages are influenced by the depth ranges sampled at each site because, at all sites, the fractions of reactive P represented by the more labile forms (oxide-associated and organic P) decrease with increasing sediment depth. These decreases are mirrored by increases in the fraction of authigenic P relative to total reactive P to values over 80% and as high as 96%-97%, depending on site and sediment depth. These observations-about the significance of reactive P burial in the sediment budget of total P, the dominance of authigenic P fraction in total reactive P budgets, and the geochemical transformations of more labile forms of reactive P to authigenic P with sediment depth-are similar to those in open-ocean sediments (e.g., Delaney and Anderson, 1997) . Note: SD = standard deviation, blank = quantity not determined for that sample. Note: * = For the first ten samples, analyses were performed using both the five-and four-step procedures. SD = standard deviation, blank = quantity not determined for that sample. 
